pyrimidones (UPy)s, as modular units, mimicking the immunoglobulin (Ig)-like domains. [18] [19] [20] UPy-based materials, however, can be challenging to be incorporated into aqueous systems unless segmented amphiphilic UPy-tethered polymers are used, thus pre-formed fibres in aqueous solution are able to physically cross-link and generate transient supramolecular networks. [21, 22] Herein, we present a new class of aqueous dual networks, which incorporate both a small amount of noncovalent cucurbit[n]uril (CB[n])-mediated host-guest interactions (2.5 mol%) and a trace amount of covalent crosslinking (0.05 mol%). The covalent chemical crosslinks serve to maintain the shape of dual network and impart it with elasticity. Supramolecular host-guest interactions, on the other hand, contribute to several mechanical functions simultaneously: (1) they enhance fracture resistance through the rupture of host-guest complexes as sacrificial bonds, thereby toughening the overall network; (2) they enhance fatigue resistance and self-recovery via the reformation of host-guest complexes; and (3) they enhance energy dissipation through the dynamic dissociation/re-association of CB [8] host-guest complexes. Accordingly, this dual network (Figure 1) , consisting of covalent crosslinking as well as dynamic supramolecular host-guest interactions, closely mimics titin's structure/function model.
A universal design strategy, affording the desired material properties, involves both "bottom-up" synthesis and hierarchical construction across multiple length scales. As a supramolecular binding motif, the CB[n]-mediated dynamic host-guest interactions have led to the fabrication of supramolecular polymers, [23] supramolecular polymer networks, [24, 25] and other complex systems ranging from molecular engineering to macroscopic functional materials. [26] Herein, a polymerisable guest (1-benzyl-3-vinylimidazolium), serving as a non-covalent supramolecular crosslinker upon complexation with CB [8] in a 2:1 manner (K a1 = 4.21⇥10 7 M 1 , K a2 = 4.25⇥10 5 M 1 , see ESI Figure S1 ), is polymerised with a trace amount of chemical crosslinker N,N 0 -methylenebisacrylamide (MBA, 2 mol.% of the non-covalent CB [8] crosslinks) and a hydrophilic monomer acrylamide, yielding an aqueous dual network ( Figure 1a) . The CB [8] host-guest complexes form dynamic 'loops' along the polymer chains between two covalent crosslinking sites (Figure 1c) . Rupture of the 2:1 guest/CB [8] complexes requires 7.6 kcal mol 1 (DH 2 , see ESI Figure S1 ), which is a little bit higher but still comparable to the protein unfolding energy (ca. 4 kJ mol 1 for an Figure 1 . The concept of biomimetic supramolecular network design: a) schematic illustration of a modular dual network composed of non-covalent supramolecular host-guest interactions (blue circles) and chemical crosslinks (pink circles), and the stepwise CB [8] ternary complexation in a 2:1 stoichiometric ratio. b) A typical modular section of titin structure, which has 200-300 repeating immunoglobulin (Ig)-like domains, and modular tertiary-foldeddomain protein that provides the core functionality for hierarchically assembled muscle machinery. c) Schematic illustration of a dual network containing multiple loops held by the CB [8] host-guest complexation (structure extracted from the shadow area in a), the mechanically-induced dissociation of hostguest complexes, fundamental mechanism for energy dissipation, as well as reformation of the host-guest complexes upon unloading and relaxation. immunoglobulin domain). [27] These dual networks could be readily prepared at room temperature in aqueous media upon photo-initiated polymerisation, with a high level of transparency, and they are both tough and durable upon compression (see ESI Figure S2 ). Besides, the dual network sample exhibits remarkable mechanical strength, which is strong enough to hold 500⇥ its own weight ( Figure 1f ) without failure. Control networks prepared without CB [8] or in the presence of its smaller homologue CB [7] exhibit moduli that are 2-3 orders of magnitude lower (see ESI Figure S4 and S5), confirming the key role of CB [8] host-guest interactions to the dual networks' strength. Interestingly, the network rapidly shrinks isotropically without undergoing any cracking at the surface upon freeze drying; furthermore, it can readily swell by absorbing up to 100⇥ its own weight of water (see ESI Figure S2d ).
Uniaxial stretching studies were conducted to further investigate the nonlinear and viscoelastic behaviour of the dual networks ( Figure 2a ). This dual network exhibits a high stretchability up to 24⇥ its original length before fracture. Moreover, during the stretching the network sample maintains excellent transparency (Figure 1d ) in the visible light range (400-700 nm, see ESI Figure S3 ). The notchinsensitiveness is evidenced when a notched sample (half of the overall width) was stretched, the notch was dramatically blunted and remained stable during stretching until a critical strain of 7⇥( Figure 1e) . Notably, the Young's modulus increases by 17⇥ from 4.6 kPa (10 mm min 1 ) to 77.5 kPa (1000 mm min 1 ). Both fracture stress and strain change slightly at low deformation rates (10 to 50 mm min 1 ), how- ever, decrease at higher rates afterwards. This can be explained by the dynamic dissociation and re-association of the CB [8] host-guest coingmplexes during the low-rate stretching, which result in the relaxation of overstretched chains under the stress, further maintaing the fracture stress and strain, thus a high strain-at-break detected. [28] [29] [30] [31] At higher stretching rates (>100 mm min 1 ), however, the dual network looses its toughness presumably since the host-guest complexes do not have sufficient time to reform after dissociation at time scale of the mechanical deformation, leading to stress propagating at the crack tip. These viscoelastic characters of the CB [8] dual networks are similar to polyampholyte hydrogels reported by Gong, [30, [32] [33] [34] alginate hydrogels by Suo, [29] and Fe 3+ -acrylic acid hydrogels by Zhou, [35] to cite only a few. Even though the modulus is not directly comparable to those previously reported supramolecular hydrogel systems, [29, 30, [32] [33] [34] [35] [36] it is surprising that a small amount of supramolecular crosslinking (2.5 mol%) and trace amount of covalent crosslinking (0.05 mol%), along with an overall mass fraction of only 10 wt%, could effectively impart the dual network with remarkable stretchability and strength. Compared with CB[n]-based single networks [25, 26] and dual networks (CB [8] and DNA) [24] we have previously reported, which exploited post-polymerisation modification and mixing of guest-bearing polymers and CB [8] , this in situ polymerisation route could overcome inherent challenges, including scale-up and manipulation, scope of starting materials, high viscosity of polymer solution, phase seperation, etc. Dual networks with a variable amount of CB [8] crosslinking and covalent crosslinking were also studied (see ESI Figure S6 ); it was found that an increase in covalent crosslinking could substantially increase the elasticity, while an increase in non-covalent CB [8] crosslinking could, on the contrary, increase the viscoelasticity of the dual networks. Thus, this synthetic strategy also allows flexibility in tuning the chemical composition, ranging from guest molecule modalities, host/guest complex fraction, covalent/non-covalent crosslinking ratio, overall mass fraction to hydrophilic backbones, thus rationally leading to the development of a full library of CB [8] dual networks with desirable mechanical properties. Cyclic tensile tests were carried out to investigate the self-recovery, on account of the dynamic essence of CB [8] host-guest interactions, similar to the reversible protein folding/unfolding within titin. Stretching-retraction cycles at different strains are shown in Figure 3a , demonstrating significant quasi-plastic deformation and pronounced hysteresis, for which the supramolecular interactions play a critical role. This confirms that force-induced rupture of host-guest complexes as sacrificial bonds contributes to effective energy dissipation, similar to other reported high-toughness networks. [29] [30] [31] [32] [33] [34] [35] Through a quantitative measurement, a toughness of 750 ± 40 J m 2 was estimated from a RivlinThomas pure shear test (see ESI Figure S11b ), comparable to the toughness of cartilage (1000 J m 2 ), [29] promising potential use as structural biomaterials for regenerative tissue engineering. During the retraction process the residual strain gradually decreases (Figure 3b) , which can be as -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 63 64 cribed to the elasticity arising from the covalent crosslinking and chain entanglement, and also the reformation of hostguest complexes. A fifty-percent hysteresis ratio is observed within 5 s (Figure 3c) , while the remaining 50% recovers following a much slower and complex process. If a waiting time of 120 s is applied between two consecutive cycles, the network does not display any noticeable plastic deformation, thus demonstrating high fatigue resistance. Similar to the polyampholyte system reported by Gong et al., [30] a twostage recovery process might also be involved during this stress-free recovery. The elasticity arising from chemical crosslinking and chain entanglement dominates the recovery through elastic retraction and association of the previouslycleaved host-guest complexes, leading to faster recovery during the unloading process (strain > 1). When it decreases below a value of 1, a re-organisation of the re-formed hostguest complexes under the elastic contraction of the primary network leads to complete self-recovery. This was further corroborated by the even faster self-recovery of the dual network with higher covalent crosslinking (CB[8] 2.5 mol.%, MBA 0.5 mol.%), which exhibits virtually no difference in hysteresis between two consecutive cyclic tests (see ESI Figure S8 ).
The fast self-recovery and high toughness are also demonstrated in compression with a blade (see ESI Figure   S2b ), which is followed with a prompt recovery to its original shape after removal of the blade test (see ESI Supporting Movie 1). In order to further illustrate the dual network's ability to dissipate energy, a drop-ball test was performed. When a metal ball (16 g, diameter of 2 cm, drop-height of 45 cm) was dropped onto a network film, a large and recoverable deformation was observed. Upon hitting the film, the ball stretched it extensively before bouncing back (see ESI Supporting Movie 2). While the film remained intact, vibrated and recovered to its initial flat configuration after successfully dissipating the energy. However, fracture of the covalent network (MBA 2.55 mol. %) was observed (see ESI Supporting Movie 3). Self-recovery of the dual network sample was then studied with the tensile test. After the sample was subjected to a cyclic strain of 8⇥, it is marginally weaker than the original material, however, it self-repaired after a 30 min waiting time at room temperature ( Figure 3d ). As previously reported by Gong et al., [34] the presence of covalent crosslinking dramatically inhibits the self-healing character of a dual network material, here macroscopic selfhealing was also not observed unless all covalent crosslinks were removed from the system.
The dual network exhibits a broad linear viscoelastic regime, typical of a tough hydrogel as depicted in Figure S4 , with a critical yield strain of 80%, above which the network starts to rupture (G 00 > G 0 ). On account of the dynamic nature of CB [8] host-guest interactions, the dual network is shear sensitive and behaves in a highly viscoelastic manner with increasing angular frequency (w). The frequency-dependent viscoelastic moduli clearly identify the elastic behaviour of the dual network with G 0 > G 00 above w = 1 rad s 1 (Figure 4a) , corroborating the tensile tests at various strain rates (Figure 2a) . G 0 of the dual network is constant until 40 C and gradually decreases with increasing temperature afterwards (Figure 4b) . In contrast, G 00 continues to increase and peaks at ca. 45 C, indicating a soften- 4   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 ing of the dual network, stemming from the increased association/dissociation kinetics of CB [8] host-guest complexes at higher temperatures. No obvious gel-sol transition is detected throughout the temperature range studied, on account of the covalent crosslinks, which stabilise the dual network structure. Time-temperature superposition (Figure 4c , referenced at 20 C) of the rheological master curve yield an an activation energy (E a ) of 185 kJ mol 1 , comparable to the typical titin protein unfolding activation energies of 128 pN nm (1 kJ mol 1 = 1.6 pN nm, thus, 80 kJ mol 1 ). [37] Rapid recovery of its mechanical properties after a largeamplitude oscillatory breakdown is observed at both 20 C (see ESI Figure S9a ) and 40 C (Figure 4d and ESI Figure S10) . Upon application of a large-amplitude oscillatory force (g = 500 %, w = 10 rad s 1 ), G 0 decreases from 5000 to 600 Pa, resulting in a quasi-liquid state (tand = G 00 /G 0 ⇠ 2.0). However, when the amplitude decreases (g = 0.5 %, w = 10 rad s 1 ), G' immediately recovers its initial value at a quasi-solid state (tand = 0.5). Taken together, all of our results successfully demonstrate the biomimetic concept of integrating modular structures held by sacrificial and dynamic CB [8] host-guest complexation into a dual network. These dual network can successfully combine three fundamental mechanical properties, including strength, toughness and elasticity (self-recovery) within one biomimetic system. In summary, we incorporate force-induced dissociation of dynamic CB [8] host-guest complexes as a design principle, demonstrating a simple and facile construction of aqueous dual networks, following the structure/function model of titin. These aqueous dual networks are stretchable and tough, showing efficient energy dissipation, and can be fully self-recovered upon relaxation through the reformation of host-guest complexes at room temperature. Both dynamic supramolecular interactions and chemical crosslinks have been readily combined within a single system, yielding a dual network construction represents a powerful and facile strategy for the construction of biomimetic supramolecular materials, holding great promise for myriad applications, including artificial muscles, cartilage replacement and tissue engineering, wearable electronic devices and microactuators.
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